Atrial electrograms were recorded from the high right atrium, coronary sinus, and right lateral wall in 15 patients with induced atrial fibrillation (AF). Intravenous cibenzoline terminated AF in 8 patients (T group), but not in 7 patients (non-T group). The cycle length of the AF (AFCL) obtained by the autocorrelation function was measured every 5 s during the 30 s prior to the cibenzoline administration, and just before the termination of AF or at the end of the cibenzoline infusion in the non-T group. The mean AFCL, and spatial and temporal dispersion of the AFCL were then compared between the 2 groups (dispersion = standard deviation × 100 /mean AFCL). Cibenzoline significantly increased the mean AFCL and decreased the spatial dispersion in both groups. No significant difference in either the mean AFCL or temporal dispersion before or after cibenzoline was observed between the 2 groups. In addition, no significant difference in the spatial dispersion before the cibenzoline was observed, but the spatial dispersion after the cibenzoline was significantly smaller in the T group than in the non-T group. The mean AFCL, and the spatial and temporal dispersion before the cibenzoline did not predict the termination of AF. The decrease in the spatial dispersion may be the most important mechanism by which intravenous cibenzoline terminates AF. 
trial fibrillation (AF) is an extremely common tachyarrhythmia in humans and terminates either spontaneously or by direct current cardioversion or antiarrhythmic drugs. A long-standing convention holds that under experimental conditions, the termination of AF is caused by prolongation of the wavelength brought about by prolongation of the atrial effective refractory period and/or depression of atrial conduction. [1] [2] [3] Recently, however, the termination of AF has been attributed to a widening of the excitable gap. 4 In humans, assessment of the atrial intervals on intracardiac electrograms [5] [6] [7] [8] [9] and frequency analysis of surface electrograms, [10] [11] [12] and atrial intervals response to drugs, have been performed. Furthermore, the intervals between atrial electrograms during AF have been documented by direct measurement [5] [6] [7] and frequency analysis. 7, 8 The AF cycle length (AFCL) gradually increases with the administration of class Ia and Ic antiarrhythmic drugs and the atrial electrograms recorded during AF gradually or suddenly become organized prior to the termination of the AF. Recently, some investigators have treated atrial electrograms as random waveforms and analyzed them with the fast Fourier transform (FFT) analysis, 8, [10] [11] [12] cross-correlation analysis 13 or coherence spectrum analysis. 14 The autocorrelation function is a spectrum analysis, known as reversed FFT, 15 and is a measure of the time-related properties of data that are separated by fixed time delays. It can be estimated by delaying the recording relative to itself by some fixed time delay, 15 and therefore can be used to determine the mean AFCL, as we have previously described. 16 There is very little information on the analysis of the atrial electrograms during AF using the autocorrelation function. 16, 17 The AFCL is known to vary temporally as well as spatially. The dispersion expressed as the standard deviation divided by the mean AFCL is one of the methods used to express the variability of the AFCL in time and space. [18] [19] [20] [21] [22] [23] Thus, the aim of the present study was to investigate the termination of AF by the intravenous administration of cibenzoline using the AFCLs obtained using the autocorrelation function, evaluate the ability of the technique to predict the termination of AF, and ascertain the important factors involved in the termination of AF by cibenzoline infusion.
Methods

Patients
This protocol was approved by the regional ethics committee and written consent was obtained from all 15 patients enrolled in the study (9 males, 6 females, 61±11 years old). The clinical characteristics of the subjects are shown in Table 1 . Nine of the 15 patients had a history of paroxysmal AF, which was diagnosed by routine ECG, ambulatory Holter ECG, and bedside monitoring. The patients underwent an electrophysiological study (EPS) as a further investigation of the following conditions: atrioventricular block in 1 patient, syncope in 1, sick sinus syndrome in 2, ventricular tachycardia in 1, the treatment of atrial flutter in 7, atrioventricular nodal reentrant tachycardia in 2, and Wolff-Parkinson-White syndrome in 1. The EPS was performed while patients were in the fasting state, and all previous antiarrhythmic agents had been discontinued for at least 5 half-lives. Intravenous propofol infusion was used to achieve general anesthesia. AF was induced in each of the 15 patients and then intravenous cibenzoline (1.4 mg/kg per 5 min) was administered.
Recordings
A standard 6F decapolar catheter with ten 2-mm electrodes with 2-mm interelectrode spacing (Bard Electrophysiolog) was introduced via the right femoral vein and left or right subclavian vein. The catheters were positioned at the high right atrium (HRA), low right atrium (LRA), His bundle and in the coronary sinus (CS). The surface ECG leads were recorded simultaneously with the intracardiac electrograms at a paper speed of 100 mm/s. Bipolar endocardial electrograms were recorded from each of the 5 closely spaced bipolar pairs of electrodes and filtered through a 30-400 Hz bandpass filter using a computed electric recorder (EPL00372-001-07, EP Lab, Quinton, Canada).
The atrial electrograms were recorded from the HRA, LRA and CS. For each of the 15 patients in this study, the atrial electrograms during AF were continuously recorded from 30 s to 60 s before and during the administration of cibenzoline until either the termination of AF or 20 min after the end of the cibenzoline injection if AF had not ceased.
Analysis
Binary data of the electrograms recorded during AF were retrieved from the hard disk of the EP laboratory system using an optical disk, and then the binary data were transformed using transformation software (BIMUTAS II for Windows, Kissei Comtec, Ltd, Tokyo, Japan) and a Value Star NX personal computer (NEC, Tokyo, Japan) into data suitable for the multi-purpose physio-informatic analysis software (BIMUTAS II for Windows, KISSEI COMTEC). We then selected the transformed data from 30 s immediately before the intravenous administration of cibenzoline, and immediately before the termination of AF or the end of the cibenzoline administration if the AF had not ceased within 20 min after the end of the cibenzoline injection.
Autocorrelation analysis for each segment of the recorded electrographic data was performed off-line on a Value Star NX (NEC) using the BIMUTAS II for Windows software package (KISSEI COMTEC) as follows: each set of raw segmental data (upper panel in Fig 1) was subjected to rectification (the post processing waveform in the middle panel in Fig 1) using an installed program in the BIMUTUS II. Each set of rectified data was finally processed to obtain an autocorrelogram (bottom panel in Fig 1) using the BIMUTAS II. The autocorrelation function was defined as: Rxx ( ): autocorrelation function, Pxx (ƒ): power spectrum, : time displacement, ƒ: cyclical frequency, i: index The value of the first peak of the coefficient Rxx, on the positive side of the autocorrelogram was taken as the peak AFCL 16 and was measured every 5 s over a 30 s period from the distal pair of electrodes placed in the HRA and LRA, and the distal and proximal pairs of the CS catheter (CSd and CSp, respectively; Fig 1) . The average AFCL and standard deviation (SD) were then calculated. Furthermore, the spatial and temporal dispersion were defined as the coefficient of the dispersion (= SD × 100 /mean AFCL; Table 2 ). The mean AFCL, and the mean spatial and temporal dispersions of the AFCL were compared between the 2 groups of patients formed on the basis of whether or not the AF was terminated by intravenous cibenzoline (T group: AF was terminated; non-T group: AF was not terminated).
AF and atrial flutter were defined on the basis of bipolar atrial electrogram recordings using the criteria of Wells et al. 24, 25 AF was defined as a rapid atrial rhythm characterized by variability in the beat to beat cycle length, polarity, configuration and amplitude of the recorded bipolar atrial electrogram. 24 Atrial flutter was defined as a regular atrial tachycardia with a stable atrial cycle length (<20 ms difference in the cycle lengths of 20-30 consecutive beats) and characteristic sawtooth flutter wave appearance in the inferior ECG leads. 25 All results are mean ± 1SD. Paired and unpaired Student's t tests were used for statistical analysis. Statistical significance was established at the p<0.05 level.
Results
Intravenous Administration of Cibenzoline
Intravenous cibenzoline terminated AF in 8 patients (T-group), and did not in 7 patients (non-T group). AF converted to sinus rhythm during the administration of cibenzoline in 3 patients and within 20 min after the end of the cibenzoline administration in 5 patients. AF did not convert to atrial flutter in any patient. Fig 2 shows an autocorrelogram from the HRA, CSd and CSp electrodes and the LRA before and immediately before the termination of AF after the cibenzoline administration. The data were taken every 5 s during the 30 s of data acquisition before cibenzoline administration and during the 30 s immediately before the termination of AF. The peak AFCL at each electrode site is marked.
Representative Case
The administration of cibenzoline prolonged the peaked AFCL from 177 ms to 284 ms at the HRA, from 158 ms to 289 ms at CSd, from 161 ms to 291 ms at CSp, and 153 ms to 293 ms at the LRA. In the left panel of Fig 3 , the mean AFCL (upper panel) and the mean temporal and spatial dispersions are plotted with time. The mean AFCL gradually increased with time, the mean spatial dispersion (solid line) gradually decreased with time, but the change in the mean temporal dispersion (broken line) was unclear.
In the right panel of Fig 3, the mean AFCL gradually increased with time, similar to the case with AF termination shown in the left panel. However, the degree of the increase in the mean AFCL was relatively small, compared with the case with AF termination. The change in the mean spatial and temporal dispersions was unclear.
Mean AFCL, Mean Spatial and Temporal Dispersions
Intravenous cibenzoline terminated the AF in 8 patients, but not in 7 patients. Cibenzoline significantly increased the AFCL from 182±15 to 261±31 ms in the T group and from 171±21 to 238±61 ms in the non-T group (Fig 4) . However, the difference from AFCL-before to AFCL-after the administration of cibenzoline between the 2 groups did not reach statistical significance. No significant difference in the AFCL was observed between the T group and non-T group either before or after administration of cibenzoline (left panel in Fig 4) .
The mean spatial dispersion significantly (p<0.05) decreased from 11.1±9.4 to 3.2±1.8 in the T group and had a tendency (p=0.09) to decrease in the non-T group (Fig 4) . Note that there was no significant difference in the mean spatial dispersion before cibenzoline, but the mean spatial dispersion after cibenzoline was significantly (p<0.05) smaller in the T group than in the non-T group (middle panel of Fig 4) .
The mean temporal dispersion did not significantly decrease with the administration of cibenzoline in either group (right panel of Fig 4) . 
Discussion
Recent experimental studies have demonstrated that cardioversion by class I and III drugs cannot be attributed to prolongation of the wavelength, 4 although theoretically the prolongation of the wavelength can certainly lead to termination of AF. 26 Those studies were based on theoretically accurate measurement of conduction velocity and refractory period during AF using high density mapping, 2,4 but similar analysis of the termination of human AF is difficult. Thus, in humans the termination of AF has been observed using either surface electrograms 10, 11 or the measurement of the AA interval during AF. [5] [6] [7] [8] [9] Bollmann et al performed a frequency analysis of human AF using surface electrograms and the response to ibutilide; they reported that this measurement correlated with the clinical pattern of the arrhythmia and predicted the response to the administration of ibutilide. 10 Slocum et al quantified the frequency content of the fibrillatory baseline as a means to automatically identify AF. 26 Holm et al used their data to compare the spatial and temporal dispersions during AF. 12 To our knowledge, our study is the first to explore the relationship between the peak frequency obtained from the autocorrelation function, and the spatial and temporal dispersions and their responses to the antiarrhythmic drug, cibenzoline.
Measurement of the Peak AFCL and AF Intervals
Previously, the AF intervals were manually measured to quantitatively estimate the changes 27 and consequently was a very labor intensive technique. Recently, spectral analysis of the AFCL has been established and estimation of the changes has been attempted using FFT transformation, 8, [10] [11] [12] cross-correlation, 13 coherence spectrum 14 and autocorrelofunction analyses. 16, 17 Fujiki et al used FFT to investigate the spectral characteristics of human AF waves with respect to the duration of the AF and the effect of class I antiarrhythmic drugs (cibenzoline or procainamide); however, they studied the atrial electrogram only from the right atrial free wall and did not estimate the temporal or spatial dispersion. 8 In the present study, using the computer analysis software, BIMUTUS II, the AFCL was measured with the autocorrelation function and the characteristics of the change in the AFCL were estimated quantitatively when the AF terminated or did not terminate after administration of an antiarrhythmic drug. One of the advantages of our method is that the peak AFCL pictured by intervals (ms) is more understandable than the cycle length (Hz) pictured by FFT analysis, because we can presume a range of the AFCL. In our method, all the data from the electrograms stored on the hard disk of the EP-LAB during the electrophysiological study were available for analysis. Electro- grams sometimes include ventricular electrograms, as can happen when recording close to the AV groove. Because the ventricular cycle length during AF is much longer (ranging from approximately 600 to 1,000 ms) than the atrial cycle length during AF (ranging from approximately 100 to 250 ms), this method ignores the ventricular electrograms superimposed on the atrial electrograms during the measurement of the peak AFCL. 16 
Mean AFCL, Mean Spatial Dispersion and Mean Temporal Dispersion Before Cibenzoline Administration
The mechanism of the pharmacological cardioversion of AF is unclear. Fibrillation intervals are known to gradually increase at the termination of AF by antiarrhythmic drugs. The peak AFCL of the local atrium may reflect the local refractoriness, 5 and thus the spatial and temporal dispersions of the AFCL may reflect those of the local refractoriness. In the present study, the mean AFCL before the intravenous administration of cibenzoline was longer in the T group than in the non-T group, but the difference did not reach statistical significance (p=0.28). In addition, no significant difference in the spatial and temporal dispersions before cibenzoline was observed between the 2 groups. These findings indicate that the mean AFCL, and the spatial and temporal dispersions are not predictive parameters of whether or not the induced AF will be terminated by intravenous cibenzoline.
Some investigators have reported that the mean AFCL can be used to predict whether the AF will be terminated by antiarrhythmic drugs. 8, 10 However, the period of AF before the drug administration in Fujiki et al's study 8 was longer than in ours. In the present study, only episodes of induced AF were tested. Thus, the mean AFCL in patients without termination was longer in our study, which may explain why our study did not show a difference in the mean AFCL before cibenzoline between the termination group and nontermination group.
Mean AFCL, Mean Spatial Dispersion and Mean Temporal Dispersion Before Termination by Intravenous Cibenzoline
In the present study the termination of AF by cibenzoline was marked by an increase in the mean AF cycle length, and a decrease in the spatial and/or temporal dispersion of the AFCL. However, the nature of the most important factor in the termination of human AF by drugs remains unclear.
Boahene et al investigated patients with acute AF and WPW syndrome, and found that the termination of AF was heralded by a 68% increase in the mean interval of the atrial electrogram after procainamide administration compared with a 30% increase when the arrhythmia persisted. 6 Thus, they indicated the importance of the AFCL in the termination of AF. In our study, the mean AFCLs in the Tand non-T groups after the intravenous administration of cibenzoline were significantly longer than those before the drug; however, no significant difference in the percentage of prolongation of the mean AFCL was observed between the 2 groups.
In our study, the mean spatial dispersion markedly decreased with time in the T group, whereas it did not significantly change in the non-T group. Thus, the mean spatial dispersion after the administration of cibenzoline was significantly lower in the T group than in the non-T group (Fig 4) . We emphasize that there were no episodes showing a conversion of AF to atrial flutter in the termination of AF.
Thus, AF unexpectedly terminated to sinus rhythm. Furthermore, cibenzoline did not significantly change the mean temporal dispersion in either the T group or non-T group. These findings suggest that the prolongation of the mean AFCL and the decrease in the spatial dispersion are more important factors than the decrease in the temporal dispersion in the termination of AF by cibenzoline.
The average frequency during AF correlates with the wavelength and size of the reentrant pathway. 28 The average size of the reentrant pathway during AF is dependent on the atrial wavelength, defined as the product of the conduction velocity and refractory period. 29 Long wavelengths are associated with larger and fewer wavefronts, whereas short wavelengths result in a greater number of small circuits. 1, 29 The reduction in the average number of fibrillation waves increases the statistical chance of termination of AF. 4 We speculate that the prolongation of the mean AFCL and the decrease in the spatial dispersion prior to the termination of the AF may reflect larger and fewer wavefronts.
Effects of Propofol on the Electrophysiological Properties in Human Atrial Muscle
Intravenous propofol infusion was used to achieve general anesthesia during the EPS in our study, because it has been reported that propofol does not have a clinically significant effect on the electrophysiologic expression of the accessory pathway, intraatrial conduction or the refractoriness of the normal AV conduction system. 30 
Conclusion
The mean AFCL, and the spatial and temporal dispersions before cibenzoline did not predict the termination of AF. The prolongation of the mean AFCL and the decrease in the spatial dispersion were more important factors than the decrease in the temporal dispersion in the termination of AF by cibenzoline. The decrease in the spatial dispersion may be the important mechanism in the termination of AF by intravenous cibenzoline.
